Data sources. To examine the linearity between t and k, data for the temperature-dependent larval development of six groups, i.e., the family Tenebrionidae (10 species(s)/strains(s)), the family Pyralidae (8 s/s), the family Aphididae (13 s/s), the genus Periplaneta (4 s/s) and the genus Aedes (13 s/s) of insects, and the family Tetranychidae (12 s/s) of mites, were selected (see Table 1 and Appendix 1). The data on temperatures related to the induction of diapause (e.g., 20°C for Periplaneta fuliginosa reported by Tsuji, 1975) and the data on "slow stocks", which have the delayed type of development (e.g., Ephestia kuhniella shown by Ahmad, 1936; and Jacob and Cox, 1977) were excluded. Appl. Entomol. Zool. 38 (4): 487-492 (2003) 487 Possible existence of a common temperature and a common duration of development among members of a taxonomic group of arthropods that underwent speciational adaptation to temperature Takaya 
INTRODUCTION
The temperature-dependent development of arthropods and other poikilotherms is well known, and is expressed by the equation kϭD (TϪt) ( 1) where D, T, t and k represent the duration of development (days), environmental (mean/isothermal) temperature (°C), the estimated developmental zero temperature, and the effective cumulative temperature, respectively. The parameters well characterize the members of a local population (strain/species) with regard to their adaptation to temperature. Several researchers found that k decreases with increasing t among related species, mainly at the level of Order or higher taxonomic categories Kocourek, 1988, 1990; Imura 1990; Kiritani, 1991; Frazer and McGregor, 1992; Honěk 1996a, b) . However, the significance of this relationship has not yet been fully understood. Here, after showing a more rigorous linearity derived from the parameters estimated for more closely related members within a family or genus, I
hypothesize the existence of a common temperature (Tc) and a common duration (Dc) of development within related members of a taxonomic group. These new constants provide an insight regarding capacities and limitations of speciational temperature adaptation and the expansion of spatial distribution of each member on the earth.
Mathematical treatments.
The values t and k in a species or a strain were re-estimated by the method of Ikemoto and Takai (2000) using the data on temperatures and durations of development reported in original papers. The linear relationship between t and k among the members of each taxonomic group was analyzed by applying the reduced major axis line-fitting method (Ikemoto and Takai, 2000) .
RESULTS AND DISCUSSION
Negative linear relationships were observed in five insect families and genera, and in one mite family: Tenebrionidae, Periplaneta, Pyralidae, Aedes, Aphidae and Tetranychidae ( Fig. 1) . The linear relationships can be expressed by the following equation:
When Eqs.
(1) and (2) are corealized, two constants for temperature and duration of development can be obtained; these are designated as Tc and Dc,
respectively. These two constants represent a fixed point mathematically, and biologically, a set of temperature and duration of development commonly shared by members of a taxonomic group. Equation (1) can be re-expressed as (4) This equation provides as many hyperbolic curves as the number of members (Fig. 2a) . Here, the parameters with i are those for the i-th member within a group. As shown in Fig. 2c , all hyperbolic curves have a common intersection point, when Eq. (2) is assumed (Fig. 2b) . In a group of arthropods with a common temperature Tc and a common duration of development Dc, a member that succeeds in lowering its t (e.g., a change from Y to X in Fig. 2c ) would be able to adapt to a temperature lower than Tc without extreme delay in completing its life stages such as the larval period. The duration of development of this member would be slightly longer at a temperature higher than Tc. In contrast, a member that succeeds
T. IKEMOTO Fig. 1 . Linear relationship between t and k among members of respective taxonomic group. The value of each point was re-estimated by the method of Ikemoto and Takai (2000) using reported data on temperatures and durations of larval development. Lines in figures show a reduced major axis (Ikemoto and Takai, 2000) (see also Existence of a set of temperature (Tc) and duration (Dc) of development, common to members of a taxonomically related group. a, Each member of X, Y or Z has a set of parameters, t and k. Each set of parameters show a hyperbolic curve obtained using the Eq. (4). These curves have three intersection points according to the number of curves. When there is a linear relationship among the sets of parameters (b), the three hyperbolic curves have only one intersection point, and this intersection point represents the Tc and Dc (c).
in increasing its t (e.g., a change from Y to Z in Fig. 2c ) would be able to slightly reduce the duration of life stages at a temperature higher than Tc. However, the member would be at the risk of death due to an extremely long developmental duration at a temperature below Tc, as compared with the case of the original t. The strategy of lowering t might confer certain advantages to a member with respect to speciational adaptation to a temperature change of the habitat, although it is not yet clear whether lowering or increasing t is more practical. Somehow, it is possible that, through this mechanism, an ancestor of an arthropod living in its original habitat underwent speciational adaptation to new environments with different temperature conditions, forming a related species group.
The existence of the common temperature and common duration of development strongly suggests that the speciational adaptations to temperature occur under substantial restrictions. The inverse of Eq. (4): (5) is referred to as the linear degree-day (rate) model. Each of the different lines obtained using this equation represents each member within a group; each intercept on the X (ϭT) axis represents each t. Speciation from a common ancestor may have accompanied the change in the slope of line with a fixed common point (Fig. 3c) . Thus, the range of t within which a species can grow is ϪϱϽtϽTc
However, t may have to decrease from Tc by several degrees, because the rate of change of developmental rate increases rapidly as t approaches Tc. The highest t examined and included in the full listing in the data tables (Honěk, and Kocourek, 1990; Honěk, 1996a; Kiritani, 1997 ) was 20°C; this was reconfirmed by the method of Ikemoto and Takai (2000) using original data obtained for a weevil species, Rhinocyllus conicus (second instar larvae, Table 2 in Smith and Kok, 1985) . In contrast to our expectations, a large decrease in t appeared not to be realized, although it was mathematically possible. The developmental rates of organisms that have extremely low t, if such arthropods were present, are basically not affected by temperature. The lowest t in the aforementioned tables was found and reconfirmed to be 0°C for the large pine aphid, Cinara pinea ( Fig. 2 in Kidd, 1990) . Tc estimated for each group was intermediate between the maximum and minimum temperatures for good development (Table 1) . Genus Periplaneta, which originated from the tropical zone, showed a Tc of 26.4°C, indicating an adaptation to high temperatures. On the other hand, the family Aphidae, which originates from the temperate zone, showed a Tc of 15.2°C, indicating an adaptation for low temperatures. These values agree well with the yearly average temperatures of the two zones. Therefore, it is reasonable to assume that the common temperature and common duration of development reflect optimums for the members of each taxonomic group.
Moreover, it is suggested that in a taxonomic group, temperature-developmental rate relationships do not change freely from the original slope of the ancestor (Fig. 3a) , or shift horizontally (Fig.  3b) . The speciational process of the t-k value change must proceed as a rotation around a fixed point, the Tc-Dc (Fig. 3c) . Tetranychus (6) a, All stored-type species were examined; b, Data (Benson et al., 1994) on temperatures related to induction diapause (Tsuji, 1975) were excluded; c, All stored-type species were examined and data on "Slow stocks", which have the delayed type of development (Ahmad, 1936; Jacob and Cox, 1977) were excluded. 
